Necroptosis is a type of programmed necrosis regulated by receptor interacting protein kinase 1 (RIP1) and RIP3. Necroptosis is found to be accompanied by an overproduction of reactive oxygen species (ROS), but the role of ROS in regulation of necroptosis remains elusive. In this study, we investigated how shikonin, a necroptosis inducer for cancer cells, regulated the signaling leading to necroptosis in glinoma cells in vitro. Treatment with shikonin (2-10 μmol/L) dose-dependently triggered necrosis and induced overproduction of intracellular ROS in rat C6 and human SHG-44, U87 and U251 glioma cell lines. Moreover, shikonin treatment dosedependently upregulated the levels of RIP1 and RIP3 and reinforced their interaction in the glioma cells. Pretreatment with the specific RIP1 inhibitor Nec-1 (100 μmol/L) or the specific RIP3 inhibitor GSK-872 (5 μmol/L) not only prevented shikonin-induced glioma cell necrosis but also significantly mitigated the levels of intracellular ROS and mitochondrial superoxide. Mitigation of ROS with MnTBAP (40 μmol/L), which was a cleaner of mitochondrial superoxide, attenuated shikonin-induced glioma cell necrosis, whereas increasing ROS levels with rotenone, which improved the mitochondrial generation of superoxide, significantly augmented shikonin-caused glioma cell necrosis. Furthermore, pretreatment with MnTBAP prevented the shikonin-induced upregulation of RIP1 and RIP3 expression and their interaction while pretreatment with rotenone reinforced these effects. These findings suggest that ROS is not only an executioner of shikonin-induced glioma cell necrosis but also a regulator of RIP1 and RIP3 expression and necrosome assembly.
Introduction
Glioma is the most common type of malignant primary brain tumor. It is very difficult to cure malignant gliomas because they are resistant to currently used chemotherapeutic agents and radiotherapeutic regimes [1] . However, accumulating studies have demonstrated that induction of necroptosis is an effective strategy to eliminate various cancer cells, including colon cancer cells, breast cancer cells and lung adenocarcinoma cells [2] [3] [4] . Necroptosis induction is even effective for eliminating cancer cells that are resistant to apoptosis [5] . Thus, necroptosis-based therapy has shed a new light on glioma treatment. As a type of programmed necrosis, necroptosis not only contributes to cancer cell death induced by chemotherapeutic agents [6] but is also involved in cell death caused by various pathological processes, such as inflammation and ischemia/ reperfusion [7, 8] . Necroptosis is morphologically similar to necrosis and characterized by increased cell volume, enlarged organelles, ruptured plasma membrane, and subsequent loss of intracellular contents [9] . Biochemically, necroptosis results from a sequential activation of a series of signals. Receptor interacting protein kinase 1 (RIP1) is an initiator of necroptosis, which interacts with receptor interacting protein kinase 3 (RIP3) via their RHIM domains to form the amyloid-like necrosome complex. Then, RIP3 activated by RIP1 within the necrosome recruits and phosphorylates its downstream substrate mixed lineage kinase-like domain protein (MLKL) [10, 11] . Ultimately, the phosphorylated MLKL forms an oligomer, which causes cellular membrane leakage and cell death [10] [11] [12] [13] . Thus, necrosome formation is a key step leading to necroptosis, but the factors affecting the interaction between RIP1 and RIP3 are still unclear.
Shikonin, a naphthoquinone isolated from Lithospermum erythrorhizon, has been repeatedly reported to be an effective necroptosis inducer for cancer cells [3, [14] [15] [16] . Similar to necroptosis induced by other reagents [17, 18] , shikonin-triggered necroptosis is accompanied by an overproduction of reactive oxygen species (ROS) [3, 14] . Moreover, ROS appear to play a crucial role in glioma cell necrosis because mitigated ROS rescued glioma cell necrosis induced by not only shikonin but also other natural chemicals, such as pristimerin and deoxypodophyllotoxin [14, 19, 20] . However, it remains elusive whether ROS participate in the regulation of signals leading to necroptosis. Herein, we report that RIP1 and RIP3 regulate the shikonin-induced overproduction of intracellular ROS by excessively generating mitochondrial superoxide. Reversely, ROS improve the shikonin-induced expressional upregulation of RIP1 and RIP3 and reinforce their interaction. This finding provides novel insight into the molecular mechanism underlying glioma cell necroptosis and suggests that shikonin is a potential therapeutic agent for glioma.
Materials and methods
Reagents Shikonin, Nec-1 (necrostatin-1), rotenone, and MnTBAP (metalloporphyrin Mn(III)tetrakis (4-benzoic acid) porphyrin) were all purchased from Sigma (St Louis, MO, USA). GSK-872 was purchased from Calbiochem (Billerica, MA, USA). Shikonin was dissolved in PBS at a storage concentration of 50 mmol/L. The anti-RIP1 and anti-RIP3 antibodies were purchased from Abcam (Cambridge, MA, USA). The anti-β-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other reagents were purchased from Sigma.
Cell lines and culture
The rat C6 and human SHG-44, U87 and U251 glioma cell lines were obtained from the Shanghai Institute of Cell Biology at the Chinese Academy of Sciences (Shanghai, China). These cells were cultured in DMEM containing 10% fetal bovine serum, 2 mmol/L glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells were maintained in a humidified environment at 37 °C and 5% CO 2 , and cells in the midlog phase were used in the experiments.
Lactate dehydrogenase release cell death assay C6 (1×10 5 cells/well), SHG-44 (5×10 4 cells/well), U87 (5×10 4 cells/well) and U251 (5×10 4 cells/well) glioma cells were treated with target compounds after being seeded onto 96-well microplates and cultured for 24 h. The cellular death rate was examined using the lactate dehydrogenase cytotoxicity assay kit (Beyotime Biotech, Haimen, China). According to the manufacturer's instructions, the absorbance value of each sample was read at 490 nm. The cell death ratio was calculated using the following formula: cell death ratio%=(A sample -A control )/ (A max -A control )×100, where A sample is the sample absorbance value; A control is the control group absorbance value; and A max is the positive group absorbance value.
Assessment of necrosis by flow cytometry
After being treated with the target compounds, the SHG-44 and U251 glioma cells assayed for cell death modality using the Annexin V-FITC detection kit (Invitrogen, Grand Island, NY, USA). According to the manufacturer's instruction, the cells were collected and washed twice with PBS and then suspended in 400 μL of 1× binding buffer. The cells (100 μL) were transferred to a 5-mL culture tube containing 5 μL of Annexin V-FITC and 10 μL of propidium iodide and then incubated for 15 min at room temperature in the dark. After 1× binding buffer was added to the tube, the stained cells were analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose, CA, USA). The cell death rate was analyzed using CELLquest software (Becton Dickinson). Data acquisition was conducted by collecting 20 000 cells per tube and determining the number of viable and dead cells for each experimental condition. M e a s u r i n g i n t r a c e l l u l a r r e a c t i ve ox yg e n s p e c i e s a n d mitochondrial superoxide SHG-44, U251, U87 and C6 glioma cells were seeded onto 96-well microplates and cultured for 24 h prior to being treated with the target compounds. The redox-sensitive dye DCFH-DA (Beyotime Biotech, Haimen, China) was used to evaluate the levels of intracellular ROS. Briefly, the cells were incubated with 1% Triton X-100 after being stained with 20 μmol/L DCFH-DA in the dark for 30 min. Then, the fluorescence was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm using a fluorescence spectrometer (HTS 7000, Perkin Elmer, Boston, MA, USA). The ROS levels were expressed as a percentage of the control.
MitoSOX Red (Invitrogen company, Eugene, OR, USA) was used to measure mitochondrial superoxide according to the manufacturer's instructions. The cells were incubated for 10 min with 2.0 mL of 5 μmol/L MitoSOX reagent working solution at 37 °C in the dark and then washed with PBS. The red fluorescence density was measured at an excitation wavelength of 510 nm and an emission wavelength of 580 nm. It was expressed as a ratio of the fluorescence in the control cells.
Additionally, SHG-44 glioma cells were seeded onto a 3-cm culture dish and cultured for 24 h. After being treated with the target compounds, the cells were stained with either DCFH-DA or MitoSox Red as described above and observed under a fluorescence microscope (Olympus IX71, Tokyo, Japan).
Gel electrophoresis and Western blotting
Cell collection and homogenization were performed as previously described [20] . Then, the homogenates were centrifuged at 1000×g for 10 min at 4 °C to obtain the supernatants, of which their protein content was determined using the Bio-Rad protein assay kit. After SDS electrophoresis and transfer, the PVDF membranes were blocked with 3% bovine serum albumin in TBS for 30 min at room temperature and then incubated overnight at 4 °C with anti-RIP1 (1:1000), anti-RIP3(1:1000), or anti-β-actin (1:1500) antibodies. After being incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000) antibody, the blots were washed, and immunoreactive proteins were visualized on Kodak X-omat LS film (Eastman Kodak Company, New Haven, CT, USA) with an enhanced chemiluminescence substrate (Amersham Biosciences, Piscataway NJ, USA). Densitometry was performed with Kodak ID image analyses software.
Co-immunoprecipitation
Cell collection and homogenization were performed as previously described [20] . Then, the homogenates were centrifuged at 15 000×g for 15 min at 4 °C to obtain the supernatant. After the protein content was determined using the Bio-Rad protein assay kit and protein concentrations were normalized, 400 μg of protein samples were pre-cleared with the isotype IgG control antibody (Abcam) and Protein A/G agarose (Millipore). First, 40 μL of Protein A/G agarose prepared by incubating with 10 μL of primary antibody in 50 μL of lysis buffer overnight at 4 °C was added to the protein samples and incubated overnight at 4 °C. Then, the mixture was precipitated by highspeed freezing centrifugation at 12 000 revolutions per minute for 10 s. To remove non-specifically bound proteins, the sediment was washed three times with lysis buffer. Agarosebound immunocomplexes were then released by denaturing solution in loading buffer prior to Western blot analysis.
Immunocytochemical, Hoechst 33342 and PI staining SHG-44 cells (3×10 5 cells/well) and U251 (4×10 5 cells/well) grew on coverslips in 6-well culture plates for 24 h. The cells were treated with shikonin for 2 h at 37 °C, washed twice with PBS, incubated with Hoechst 33342 dye (1 μg/mL) for 5 min, and then incubated with PI (5 μg/mL) for 15 min at room temperature. After a final wash with PBS, the samples were visualized at 60× magnification under a laser scanning confocal microscope (Olympus FV1000, Tokyo, Japan).
Transmission electron microscopy SHG-44 glioma cells were cultured and treated with shikonin at the indicated concentration, harvested using 0.25% trypsin, and then washed with PBS. Then, the cells were collected by centrifugation for 10 min at 2000 revolutions per minute and treated as described by Huang et al [14] . Briefly, the cells were fixed in ice-cold 2.5% glutaraldehyde in PBS (pH 7.3), rinsed with PBS, post-fixed in 1% osmium tetroxide with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol (30%-90%) and embedded in Epon resin (Energy Beam Sciences, Agawam, MA, USA). Semithin (300 nm) sections were cut using a Reichart Ultracut ultra microtome, stained with 0.5% toluidine blue and examined under a light microscope. Ultrathin sections (65 nm) were stained with 1% uranyl acetate and 0.1% lead citrate and examined using a JEM2000EX transmission electron microscope (JEOL, Pleasanton, CA, USA).
Statistical analysis
All data represent at least 4 independent experiments and are expressed as the mean±SD. Statistical comparisons were made using one-way ANOVA. P-values of less than 0.05 were considered statistically significant.
Results

Shikonin induced necrosis and ROS overproduction in glioma cells
In our previous report, we found that shikonin induced necroptosis in U87 and C6 glioma cells after 3 h of incubation, and the IC 50 values were 10.0 μmol/L and 6.0 μmol/L, respectively [14] . Herein, our study was extended to include SHG-44 and U251 glioma cells, and the MTT assay showed IC 50 values of shikonin against SHG-44 and U251 cells were, respectively, 4.0 μmol/L and 10.0 μmol/L after 3 h of incubation (data not shown).
Then, we measured the toxicity of shikonin on glioma cells using the LDH release assay and found that glioma cell death induced by shikonin was markedly increased in SHG-44, U251, U87 and C6 cells as shikonin concentration increased ( Figure  1A ). Furthermore, flow cytometry combined with Annexin V/PI double staining revealed that shikonin did not cause an obvious increase in the percentage of Annexin V + /PI -(early apoptosis) cells but did induce a marked increase in PI + or Annexin V + /PI + cells ( Figure 1B ). Dual staining with Hoechst 33342 and PI observed with a confocal microscope proved that the PI positive cells due to shikonin treatment did not have apoptosis features, such as nuclear condensation or fragmentation ( Figure 1C ). Moreover, transmission electron microscopy revealed that the SHG-44 cells treated with shikonin exhibited electron-lucent cytoplasm, lost plasma membrane integrity, and intact nuclear membranes (Supplementary Figure S1 ), which were consistent with the characteristics of necrosis [14] . Thus, both the PI + cells and the Annexin V + /PI + cells exhibited primary necrosis but not secondary to late apoptosis. These results suggest that shikonin induces necroptosis in glioma cells in a concentration-dependent manner.
Given that shikonin-induced necroptosis is often accompanied by an overproduction of ROS [3, 14] , we examined the relationship between ROS production and shikonin dosage. Fluorescence microscopy revealed that the intracellular ROS levels detected by DCFH-DA after 2 h of incubation with shikonin were significantly higher in the 6 μmol/L group than in the 3 μmol/L group ( Figure 1D ). Statistical analysis of the fluorescence intensity proved that the production of ROS was also dependent on shikonin concentration ( Figure 1E ).
Considering that ROS is primarily generated in mitochondria [21] , we used Mitosox Red to examine shikonin-induced changes in the generation of mitochondrial superoxide. Fluorescence microscopy proved that the levels of mitochondrial superoxide detected by Mitosox Red were markedly increased in the C6 cells treated with shikonin, and the level of mito- chondrial superoxide in the 6 μmol/L group was higher than that in the 3 μmol/L group ( Figure 1F) . Moreover, statistical analysis of the red fluorescence intensity revealed that higher concentrations of shikonin resulted in higher levels of mitochondrial superoxide ( Figure 1G ). This indicates that shikonin induces abnormal levels of intracellular ROS in glioma cells via targeting mitochondria.
RIP1 and RIP3 regulated shikonin-induced necrosis and ROS overproduction Given that RIP1 and RIP3 are major signals of necroptosis, we examined the shikonin-induced changes in RIP1 and RIP3. As revealed by Western blotting, shikonin induced a concentration-dependent upregulation of RIP1 and RIP3 in SHG-44, U251, U87 and C6 glioma cells (Figure 2A and Supplementary Figure S2A) . Moreover, immunoprecipitation of RIP1 with an RIP1 antibody showed that the co-precipitated RIP3 increased as shikonin concentration increased. This indicates that the glioma cell necrosis induced by shikonin is associated with RIP1 and RIP3 ( Figure 2B and Supplementary Figure S2B) . Then, we blocked RIP1 and RIP3 with their respective specific inhibitors Nec-1 and GSK-872, which could directly bind to the active domains of RIP1 and RIP3, and examined glioma cell death. As the LDH release assay showed, 1 h of pretreatment with either 100 μmol/L Nec-1 or 5 μmol/L GSK-872 could effectively inhibit glioma cell death caused by shikonin after 3 h of incubation ( Figure 2C ). Furthermore, flow cytometry analysis showed that Nec-1 and GSK-872 prevented shikonin-induced glioma cell necrosis in SHG-44 and U251 cells, respectively ( Figure 2D and 2E) . At the protein level, Nec-1 and GSK-872 mitigated the shikonin-induced expressional upregulation of RIP1 and RIP3, respectively ( Figure 2F and Supplementary Figure S2C ). This verified that shikonininduced glioma cell necroptosis is regulated by RIP1 and RIP3.
Particularly, we found that the both the shikonin-induced increase of intracellular ROS and the excessive generation of mitochondrial superoxide were inhibited in the presence of 100 μmol/L Nec-1 or 5 μmol/L GSK872 ( Figure 2G and Supplementary Figure S2D , Figure 2H and Supplementary Figure  S2E ), indicating that RIP1 and RIP3 account for the shikonininduced overproduction of ROS and mitochondrial superoxide.
ROS was an executioner of shikonin-induced glioma cell necrosis
To clarify the role of ROS in shikonin-induced necroptosis, MnTBAP (a synthetic, nontoxic and cell-permeable superoxide dismutase mimetic) was used to inhibit intracellular ROS levels. Pretreatment with MnTBAP for 1 h significantly inhibited shikonin-induced overproduction of mitochondrial superoxide and increased intracellular ROS levels at 2 h of incubation ( Figure 3A and Supplementary Figure S3A , Figure 3B and Supplementary Figure S3B) . Correspondingly, the glioma cell death induced by shikonin was markedly inhibited in the presence of MnTBAP ( Figure 3C ). Furthermore, flow cytometry with Annexin V/PI double staining proved that prior administration of MnTBAP obviously attenuated shikonin-induced necroptosis in SHG-44 and U251 cells ( Figure 3D ). Therefore, these data indicate that intracellular ROS is responsible for shikonin-induced necroptosis in glioma cells.
ROS was a regulator of shikonin-induced glioma cell necrosis
To further verify the role of ROS in shikonin-induced glioma cell necrosis, we used rotenone to improve intracellular ROS levels because rotenone generates superoxide via inhibiting the mitochondrial electron transport chain. We found that rotenone induced a marked increase of superoxide in SHG-44 and U251 cells at 4 h of incubation and triggered concomitant glioma cell death. However, both the increased mitochondrial superoxide and glioma cell death were prevented by pretreatment with 40 μmol/L MnTBAP for 1 h ( Figure 4A and Supplementary Figure S4A , and Figure 4B ). This indicates that rotenone induces glioma cell death via the overproduction of mitochondrial superoxide. Thus, the glioma cells were treated for 2 h with rotenone and then incubated for 2 h with shikonin at the indicated concentrations. We found that rotenone pretreatment significantly improved the shikonin-induced production of mitochondrial superoxide and intracellular ROS ( Figure 4C and Supplementary Figure S4B , Figure 4D and Supplementary Figure S4C) . Moreover, the LDH release assay showed that rotenone markedly augmented the shikonininduced glioma cell death. Furthermore, flow cytometry analysis demonstrated that rotenone enhanced the shikonininduced glioma cell necrosis ( Figure 4E and 4F) .
To address whether the enhancement effects of rotenone on shikonin-induced glioma cell necrosis was associated with RIP1, we treated SHG-44 and U251 cells with 100 μmol/L Nec-1 for 1 h prior to sequential incubation with rotenone and shikonin. As revealed by the LDH release assay and flow cytometry analysis, Nec-1 blocked the enhancement effects of rotenone on shikonin-induced glioma cell death ( Figure 4E and 4F). This indicates that rotenone augmented augments shikonin-induced glioma cell death via the necroptosis pathway.
ROS regulated the increased RIP1 and RIP3 expression and their shikonin-induced interaction
To test the effect of ROS on the necroptosis signals RIP1 and RIP3, we performed Western blotting analysis and found that prior administration of rotenone enhanced the shikonininduced upregulation of RIP1 and RIP3 ( Figure 5A and Supplementary Figure S5A ), but MnTBAP prevented the expressional upregulation of RIP1 and RIP3 caused by shikonin ( Figure 5B and Supplementary Figure S5B) . Particularly, co-immunoprecipitation showed that the RIP3 co-precipitated with RIP1 resulting from shikonin treatment was improved by rotenone ( Figure 5C and Supplementary Figure S5C ) but was mitigated by MnTBAP ( Figure 5D and Supplementary Figure  S5D) . Thus, these data indicate that the shikonin-induced upregulation of RIP1 and RIP3 and necrosome formation are both regulated by ROS.
Discussion
We found that shikonin triggered glioma cell necroptosis and induced the overproduction of intracellular ROS and mitochondrial superoxide in a concentration-dependent manner. Moreover, shikonin also upregulated the levels of RIP1 and RIP3 and reinforced their interaction. Inhibition of either RIP1 or RIP3 with their specific inhibitors not only prevented shikonin-induced glioma cell necroptosis but also mitigated the intracellular levels of ROS and mitochondrial superoxide, indicating that RIP1 and RIP3 regulate the shikonin-induced overproduction of ROS via targeting mitochondria. Mitigation of ROS with MnTBAP, which is a cleaner of mitochondrial superoxide, attenuated shikonin-induced glioma cell necroptosis, whereas increasing ROS with rotenone, which improves the mitochondrial generation of superoxide, augmented glioma cell necroptosis. Furthermore, we found that MnTBAP prevented the shikonin-induced expression of RIP1 and RIP3 and their interaction while rotenone reinforced these effects. Taken together, these findings suggest that ROS plays a crucial role in the regulation of shikonin-induced glioma cell necroptosis via the formation of positive feedback with RIP1 and RIP3 ( Figure 6 ). Necrosis was originally thought to be an accidental event, but accumulating evidence has demonstrated that it is a type of programmed cell death regulated by specific signals [22] . Two methods are often used to evaluate cell death by measuring changes in plasma membrane permeability. The first is to examine the uptake of DNA binding dyes that do not traverse the plasma membrane of living cells, such as propidium iodide. The other method is to assay the leakage of intracellular molecules, such as lactate dehydrogenase (LDH) [23] . Thus, we examined glioma cell death in this study using the LDH release assay and flow cytometry analysis combined with Annexin V/PI double staining. We found that shikonin induced dosage-dependent cell death in all four glioma cell lines (SHG-44, U251, U87 and C6 cells). Furthermore, as revealed by fluorescence microscopy with Hoechst and PI double staining, the cells treated with shikonin had no morphological features of apoptosis, such as condensed chromatin or fragmented nuclei [14] . Moreover, shikonin did not increase the cells that were stained with only Annexin V, thus, we excluded that necrosis induced by shikonin was secondary to late apoptosis. Our previous report also showed that the pancaspase inhibitor z-Vad-fmk did not prevent shikonin-induced cell death in glioma cells [14] . Therefore, the results in this study further verify that shikonin induces necroptosis in glioma cells.
RIP1 has been reported to initiate necroptosis via binding with RIP3 to form the necrosome, in which RIP3 is activated by RIP1 [22] . Previous studies have shown that RIP1 and RIP3 contribute to glioma cell necrosis induced by either photodynamic therapy or radiation therapy [24, 25] . Moreover, some chemical reagents, such as edelfosine and 5-benzylglycinylamiloride, trigger glioma cell necroptosis via the RIP1/RIP3 pathway [26, 27] . In the current study, we found that the RIP1 inhibitor Nec-1 and the RIP3 inhibitor GSK-872 not only attenuated shikonin-induced glioma cell necroptosis but also prevented the shikonin-induced dosage-dependent upregulation of RIP1 and RIP3. Thus, these results suggest that shikonin induces RIP1/RIP3-dependent necroptosis in glioma cells.
ROS is found to be an executioner of necroptosis [6, 28] . It can attack intracellular macromolecules, including proteins, lipids and nucleic acids [29] . Accumulating evidence has suggested that either RIP1 or RIP3 could regulate intracellular ROS levels via different pathways. RIP1 targets the NADPH oxidase 1 NOX1 and the small GTPase RAC1 to increase ROS production at the plasma membrane [30] . RIP3 interacts with and activates the mitochondrial protein GLUD1 to elevate the levels of mitochondrial superoxide and intracellular ROS [31] . Consistently, shikonin has been observed to increase intracellular ROS levels by targeting both NOX1 and the complex in the mitochondrial respiratory chain [32] . In the current study, shikonin-induced glioma cell necrosis was attenuated in the presence of MnTBAP, which inhibits the levels of mitochondrial superoxide and intracellular ROS, but was enhanced by pretreatment with rotenone, which promotes the generation of mitochondrial superoxide and intracellular ROS. Previously, we also reported that the inhibition of ROS with the antioxidant NAC attenuated shikonin-induced necrosis in glioma cells [14] . Thus, ROS is a downstream signal of RIP1 and RIP3 and an executioner of necroptosis induced by shikonin in glioma cells.
Notably, we found that the inhibition of ROS with MnTBAP attenuated the protein levels of RIP1 and RIP3 and mitigated their interaction in the glioma cells treated with shikonin. In contrast, increasing ROS with rotenone not only upregulated the expression of RIP1 and RIP3 but also facilitated RIP1/RIP3 necrosome formation. Consistently, recent studies have suggested that ROS plays a role in the regulation of RIP1 and RIP3 expression and their mutual binding. Using human FADDdeficient Jurkat cells challenged with BV6/TNFα, Schenk et al found that the RIP1/RIP3 necrosome was stabilized by ROS [33] . Similarly, ROS has been reported to promote the interaction between RIP1 and RIP3 in glioma cells stressed by photodynamic therapy [34] . Moreover, the interaction between RIP1 and RIP3 induced by hypoxia in colorectal cancer cells was attenuated when ROS was mitigated by BHA [35] . However, the protein levels of the necroptosis signals also affect necrosome assembly, as knockdown of RIP3 with an siRNA inhibited necrosome assembly in cortical neurons induced by oxygen glucose deprivation and treatment with the caspase inhibitor z-VAD [36] . Therefore, ROS regulates shikonin-induced necrosome assembly mainly via two pathways: by upregulating the RIP1 and RIP3 protein levels and enhancing their interaction. This also suggests that shikonin induces a positive feedback loop between ROS and necroptosis signals.
Although we did not investigate why ROS enhances the interaction between RIP1 and RIP3 in this study, Zhang et al reported that ROS activated RIP1 autophosphorylation on serine residue 161 (S161), and Cho et al found that the interaction between RIP1 and RIP3 was stabilized when they were phosphorylated [37, 38] . In the current study, we found that rotenone treatment upregulated the expression of RIP1 and RIP3 ( Figure 5A ), but the RIP1 inhibitor Nec-1 did not prevent glioma cell death induced by rotenone ( Figure 4E ). Similarly, Xu et al reported that Nec-1 had no protective effect on the free radical-induced cell death caused by hydrogen peroxide or menadione in HT-22 cells [39] . Thus, we believe that ROS cannot activate RIP1 by itself in glioma cells but rather it is involved in other events that regulate RIP1 activation during the process of shikonin-induced necroptosis.
In conclusion, we have demonstrated in this study that RIP1 and RIP3 regulate shikonin-induced glioma cell necrosis by increasing intracellular ROS and mitochondrial superoxide, which improves the shikonin-induced upregulation of RIP1 and RIP3 expression and RIP1/RIP3 necrosome formation.
